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We establish an improved model to represent the microstructure forming process of polyacrylate polymer modiﬁed mortars.
 We specify the chemical reactions between PA polymer and cement hydrates.
 We design a simulation test to identify the reactions products in polymer modiﬁed mortars.
 The inﬂuence of PA polymer on the mechanical performance and pore structure was enlightened.a r t i c l e i n f o
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The microstructure forming process of polyacrylate (PA) latex modiﬁed cement-based materials was
investigated from mixing to hardening. Owing to the chemical reaction between PA particles and calcium
ions in the pore solution, PA polymer will not uniformly disperse in cement mortar due to its adsorption
on cement particles or hydrates. As a result, PA polymer should exist in cement mortars through different
morphologies. The early age mechanical properties of PA modiﬁed mortars are lower than those of
unmodiﬁed mortars, while a rapid progress of the compressive strength and fracture energy can be rec-
ognized from the PA modiﬁed mortars. It was found that PA polymer addition will reﬁne the small pores
but induce big pores to cement mortar. SEM and EDX analysis proves that PA polymer is localized at some
places within PA modiﬁed mortar which can be named as the localization of polymer modiﬁcation. The
physical and chemical inﬂuence of PA polymer on cement-based materials was integrated into an
improved model.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction and enhanced water retention. And, mechanically, the presenceCement-based materials have now become the dominant
construction materials for the civil infrastructure all over the
world. The addition of polymer to a cement mix can signiﬁcantly
enhance the properties of the resulting material, which is known
as a polymer modiﬁed cement-based material [1]. In polymer
modiﬁed cement-based material, polymer particles, unhydrated
cement particles and cement hydration products will form a
polymer–cement co-matrix together [2]. The presence of polymer
particles will reﬁne the pore structure, thereby decrease the
porosity of cement-based materials [3]. Moreover, the polymer
modiﬁed cement-based materials exhibit very good workabilityof polymer tends to increase the ﬂexural strength and toughness
[4,5]. Owing to these superior properties, the polymer modiﬁed ce-
ment-based materials have already been widely used as the adhe-
sive or ﬁnishing materials, and repairing materials for reinforced
concrete structures.
Due to the rising importance of polymer modiﬁed cement-
based materials in civil construction, many attempts have been
made to clarify the mechanism of polymer modiﬁcation [6–9].
Among these researches, Ohama’s three-step model is taken as
the most representative achievement in describing the forming
process of polymer–cement co-matrix [10]. As illustrated by Oha-
ma, polymer particles ﬁrstly disperse in the cement paste. As ce-
ment hydration proceeds and capillary water is consumed, the
polymer particles ﬂocculate to form a continuous close-packed
layer on the surfaces of cement. Finally, the close-packed polymer
particles on the cement hydrates coalesce into a continuous ﬁlm,
and the ﬁlm will interpenetrate throughout the cement hydrates
to form a monolithic network. Based on Ohama’s model, some
adjustments and reﬁnements, in addition with experimental
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Fig. 1. Molecular structure of PA polymer.
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grated model, the reciprocal inﬂuences between the polymer and
the cement particles are incorporated and implemented on a time
scale [11,12].
In general, polymer modiﬁed cement-based materials show a
noticeable increase in the tensile and ﬂexural strengths and chemi-
cal resistance but no clear improvement in the compressive strength
in comparison with ordinary cement-based materials. This can be
interpreted in terms of the contribution of high tensile strength by
the polymer phase. So a complete polymer network can signiﬁcantly
improve the toughness of the polymer modiﬁed cement-based
materials. A continuous polymer network can also effectively block
the transportation of invasion ionswhichwill enhance the chemical
resistance of the polymer modiﬁed cement-based materials [13].
Most importantly, a complete polymer network will bond the ce-
ment hydrates together to form a polymer–cement co-matrix. So
in Ohama’s model, a complete polymer network or a continuous
polymer ﬁlm is the key point for effective modiﬁcation and proper-
ties improvement of the polymer on cement-based materials. The
ideal polymer network or the polymer ﬁlm must penetrate uni-
formly throughout the cementhydrateswhichmeansnobroken link
should be recognized from the polymer phase. Hence, it can be con-
cluded thatOhama’smodel is foundedunder twohidden conditions.
The ﬁrst one is that, during mixing, the polymer particles will dis-
perse uniformly in the fresh cement-based materials. Only in this
way, the polymer particles can ﬂocculate to form a continuous or
an unbroken polymer network. Secondly, a considerable amount of
polymer latex should be mixed into cement-based materials to
achieve an ideal complete polymer network. According to Ohama’s
research, polymer to cement (P/C) ratio corresponding toaneffective
modiﬁcation is necessarily above 5% [10].
While during mixing, from polymer latex to the fresh cement-
based materials, the circumstance changing will have an impact on
the stability of polymers. The released ions due to cement hydration
may reactwithpolymers anddisturb theuniformdispersionof poly-
mer particles. As a result, the polymer particles may concentrate
within some local places and cannot forma continuouspolymernet-
work. This phenomenon was proved by some reports as that, for
some kinds of polymers,merely scattered polymer ﬁlmswere found
in the polymer modiﬁed cement-based materials [8,14,15]. Similar
phenomenon was also detected from the polymer modiﬁed ce-
ment-based materials with P/C ratio of or less than 5%. However,
noticeable properties improvement could also be recognized from
these kinds of polymer modiﬁed cement-based materials. In view
ofOhama’smodel, it is clear that no effectivemodiﬁcation andprop-
erties enhancement can be achieved without a complete polymer
network. So it can be concluded that Ohama’s model is not suitable
for all kindsofpolymer latexes.And themechanismofpolymermod-
iﬁcation on cement-based materials should also be further inter-
preted and clariﬁed. Be different from Ohama’s research, an
improved model should be established to illustrate the microstruc-
ture formation of polymer modiﬁed cement-based materials.
In this research, newly developed polyacrylate (PA) latex was
used as the polymer admixture to investigate the mechanism
and microstructure formation process of polymer modiﬁed ce-
ment-based materials. The mechanical performance was studied
to evaluate the polymer modiﬁcation results. A simulation test
was carried out to analyze the chemical and physical reactions
happened between polymer latex and cement particles from mix-
ing to hardening. A mercury intrusion porosimetry (MIP) test was
employed to evaluate and analysis the inﬂuence of PA polymer on
cement-based materials. The morphologies of the co-matrix were
analyzed with Scanning Electronic Microscope (SEM) and Energy
dispersive X-ray detector (EDX) observations. And the chemical
bonds in the polymer–cement co-matrix were identiﬁed through
the Fourier transform infrared spectroscopy research. Based onthe experimental analysis, an improved model established based
on Ohama’s research was proposed.
2. Materials and mix proportions
2.1. Polyacrylate (PA) latex
PA is polymerized by emulsion polymerization. For monomers used, Methyl
methacrylate (MMA) is the main component. Other function monomers such as
HEMA (2-Hydroxyethyl Methacrylate), AA (acrylic acid) and cross linking agent,
trimethylol propane triacrylate, are used in a small amount. During PA polymeriza-
tion, ammonium persulfate (APS) is added as the initiator, and sodium bicarbonate
(SBC) is applied as the pH buffer to control the pH value of PA latex around 10.0. PA
particles in latex are stabilized by the use of surfactant, sodium dodecyl sulfate
(SDS). It is recommended by the American Concrete Institute (ACI) that ionic salts
are not proper surfactants for cement modiﬁcation [16]. The main reason is that io-
nic surfactants cannot keep the stability of polymer latex in water-cement system.
While in some research, the ionic surfactants were still used due to the unique
properties improvement during polymer modiﬁcation in cement-based materials
[17]. PA latex is a kind of milky suspension with the solid content of 35%. The diam-
eter of PA particles ranges from 40 nm to 200 nm. And the mean diameter of PA par-
ticles is 80.2 nm.
The molecular structure of PA polymer is demonstrated as in Fig. 1. –[C–C]n–
constitutes the main chain of PA. PA polymer is designed to have two kinds of side
groups, hydrophilic group and hydrophobic group. The hydrophilic group –COOR1
can make the PA particles dissolve in water and the hydrophobic group –R may help
PA particles to form PA polymer ﬁlms. Group R can be –H or -CH3. Group R1 can be –
H, –CH2–CH2–OH (–C2OH5) and –CH2–CH2–CH2–CH3 (–C4H9). EDX analysis of PA
polymer ﬁlm states that its carbon content ranges from 65% to 77% While in con-
crete, the C/O ratio of cement hydration products is close to 0. Even carbonation
of cement hydrates is taken into consideration, the carbon content of reaction prod-
ucts, CaCO3, is only 20% which is much lower than that of PA polymer. So the carbon
content, in this research, will be used to trace the polymer modiﬁcation in cement-
based materials.
2.2. Other raw materials
Ordinary Portland cement (ASTM type I), with the density of 3.15 g/cm3, was
used in this study. The Blain speciﬁc area of cement is 3.85  103 cm2/g. And the
average particle size of Portland cement is 18.09 lm. The chemical composition
of the cement is listed in Table 1.
The size of river sand employed in this research ranges from 0.5 mm to 3.1 mm.
The main mineralogical composition of river sand is quartz. The ﬁneness modulus
and relative density of quartz sand are 1.6 and 2.66 respectively. The deionized
water was used in this study.
2.3. Mix proportions of PA modiﬁed cement-based materials
Samples for these experiments were cement pastes or cement mortars. In both
cement paste and mortar, the water/cement ratio was 0.5. All mortar samples were
prepared with a sand/cement ratio of 2. The P/C ratios of 0, 0.05, 0.10 and 0.20 were
selected for PA modiﬁed cement paste or mortar. In this research, cement paste was
used to investigate the chemical bonds between PA polymer and cement hydrates
through Fourier transform infrared spectroscopy (FTIR) analysis. Cement mortar
with the P/C ratio of 0.20 was mainly employed to investigate the inﬂuence of PA
latex on the microstructure of cement mortar. The mix proportions of these mix-
tures are listed in Table 2.
3. Experiment setup
3.1. Adsorption ratio analysis
To analyze the dispersion of PA particles in fresh mortars, the
total organic content (TOC) was used to evaluate the adsorption ra-
tio of PA particles on cement and sands.
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Fig. 2. Specimen used in fracture energy tests.
Table 2
Mix proportions of mixtures in weight ratio.
Type Mark Water Cement Sand PA
Paste PA00 0.5 1 0 0
PA05 0.5 1 0 0.05
PA10 0.5 1 0 0.10
PA15 0.5 1 0 0.15
Mortar MA00 0.5 1 2 0
MA05 0.5 1 2 0.05
MA10 0.5 1 2 0.10
MA20 0.5 1 2 0.20
Table 1
Chemical composition of cement (%).
Composition CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O LOI
Content 69.66 20.01 3.27 1.39 1.12 3.78 0.02 0.03 0.72
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of 0.05, 0.10, 0.20, 0.50 and 1.00, respectively. And P/S (polymer/
sand) ratios of 0.05, 0.10 and 0.50 were applied in this test. The
mixing was conducted by hand for 3 min. After mixing, the PA–ce-
ment or PA–sand mixture was immediately ﬁltrated using a ﬁlter
paper. Then 1.5 ml ﬂuid was extracted from the percolating ﬂuid
and diluted to 30 ml by deionized water. The TOC of the samples
were tested by a TOC analyzer, TOC 5000A.
A 3-step test was conducted to analyze the TOC content in the
diluted solution. Firstly, a dosage of sample was furnaced at
670 C and the amount of oxygen consumed or carbon dioxide re-
leased was detected to calculate the total carbon content (TC) in
the sample. Secondly, another part of sample was treated by 10%
phosphoric acid and the emission of carbon dioxide was detected
to calculate the inorganic carbon content (IC). Finally, the TOC
could be got simply by subtracting IC from TC for each sample.
TOC ¼ TC IC ð1Þ
The adsorption ratio R could be calculated according to the fol-
lowing equation:
Ri ¼ TOC1  TOCiTOC1 ð2Þ
where TOC1 is the TOC in diluted pure PA latex; TOCi is the TOC in
each diluted suspension except pure PA latex.
3.2. Simulation of interactions between pore solution and PA latex
The physical and chemical inﬂuence of PA modiﬁcation on fresh
mortars was clariﬁed through a simulation of the calcium-rich
alkaline circumstance. Before the test, PA latex was mixed with ce-
ment in a glass tube. And the mixture was diluted into 20 ml with
deionized water. Then the mixture was stirred and allowed to sep-
arate into layers due to the chemical and physical reactions be-
tween PA latex and pore solution. The test samples were all
preserved until they got to a stable state. To visually impress the
physical effect of PA modiﬁcation, 0.3 g of cement was mixed with
0.2 g, 0.4 g, 0.7 g, 1 g and 1.5 g of PA latex in the glass tube,
respectively. Correspondingly, the P/C ratios were 0.23, 0.47,
0.83, 1.17 and 1.77.
Due to cement hydration, the pore solution in fresh mortars is
always saturated with Ca2+ and OH. To reveal the chemical reac-
tions happened in fresh PA modiﬁed mortars, a further orthogonal
comparison was conducted to identify the ion or ions that will re-act with PA particles. Four kinds of solid solute, Ca(OH)2, CaCl2,
NaOH and NaCl were used in this orthogonal comparison. The PA
latex and solid salt used in this test were 0.4 g and 0.1 g respec-
tively. The test procedure was the same as the simulation research.
3.3. Mechanical performance tests
The compressive strength and fracture energy of PA modiﬁed
mortars, MA00, MA05 and MA10, were measured to evaluate the
mechanical inﬂuence of PA on cement-based materials. For com-
pressive strength tests, cubic mortar samples with the size of
40  40  40 mm were prepared. The tests were carried out at
12 h, 18 h, 1 d, 3 d, 7 d, and 28 d with a MTS 815 ROCK Mechanics
machine. The fracture energy, GF, of mortars was measured follow-
ing the RILEM method proposed by Surendra et al. [18]. The de-
tailed information of pre-notched specimen is shown in Fig. 2, in
which the notch to b ratio is 0.5. The fracture energy of mortars
at 3 d, 7d and 28 d were calculated from the load–displacement
curves obtained from MTS 858 Mini Bionix test machine. The cur-
ing included a fog curing, with relative humidity (RH) of 95% and
temperature of 23 C for the ﬁrst 3 days, and an ambient curing
with RH of 60 ± 5% and temperature of 20 C ± 2 C from 3 d to
28 d.
3.4. Mercury intrusion porosimetry (MIP) test
The porosity and pore structure of MA00, MA05 and MA10 were
measured through mercury intrusion test with a Micromeritics
AutoPore IV 9500 MIP machine. The test samples were collected
from the crushed specimens in compressive tests at the ages of
12 h, 18 h, 1 d, 3 d, 7 d, and 28 d.
3.5. FTIR, SEM and EDX observations
Fourier transform infrared spectroscopy (FTIR) analysis was
performed to trace the chemical reactions happened in PA modi-
ﬁed paste. To extract the newly formed chemical bonds in the
PA–cement co-matrix a comparison between the band intensities
in PA ﬁlm, PA00 and PA15 was conducted. In FTIR analysis, samples
of PA modiﬁed paste were tested in potassium bromide (KBr)
pellets, and the spectra were traced from 400 cm1 to 4000 cm1.
The band intensities were expressed in absorbance.
To clarify the morphologies and the elemental composition of
polymer–cement co-matrix in PA modiﬁed mortars, scanning
electron microscopy (SEM) was performed in a JEOL-6300F SEM
machine coupled with an energy-dispersive X-ray analyzer
(EDX). For convenience of observing the formation of polymer–ce-
ment co-matrix, all samples were crushed into small pieces and,
1384 Y. Tian et al. / Construction and Building Materials 47 (2013) 1381–1394then, etched with 0.1 M/L hydrochloric acid (HCl) for 5 min. After
the acid treatment, samples were cleaned with deionized water
and dried to constant weight. Before SEM and EDX observation,
all the samples were coated with a thin gold layer.4. Test results and discussions
4.1. Adsorption of PA polymer on cement particles and sand
According to Ohama’s model [10], polymer particles will uni-
formly disperse in pore solution of fresh cement-based materials.
As the cement particles are usually hundreds of times bigger than
polymer particles, moving polymer particles are very possible to
hit cement particles and physically adhere on the surface of them.
So small amount polymer particles will deposit on cement particles
or cement hydration products. However, from stable latex to the
pore solution of cement-based materials, polymer particles will
face a signiﬁcant change of the circumstance. Due to cement
hydration, the pore solution of cement-based materials is a cal-
cium-rich alkaline solution which contains various ions such as
Ca2+ and OH, et al. The circumstance change may alter the stabil-
ity of the polymer system chemically and physically.
The adsorption ratios of PA polymer particles on cement and
sands are plotted against P/C ratio or P/S ratio in Fig. 3. As shown
in Fig. 3, most of PA particles are adsorbed on the surface of cement
particles when P/C ratio is very low. When P/C ratio is 0.05, the
adsorption ratio of PA particles, Pad,c, reaches as high as 88.68%.
While the adsorption ratio drops remarkably with the increase of
P/C ratio. When P/C ratio is 0.5%, only 4.93% PA particles are ad-
sorbed on the surface of cement. A similar trend can be found from
the relationship between the adsorption ratio of PA particles on
sands, Pad,s, and P/S ratio. With the increase of P/S ratio, the adsorp-
tion ratio of PA particles decreases dramatically. But the adsorption
ratio of PA particles at a P/S ratio is lower than that at the same P/C
ratio. When P/S ratio is 0.05, the corresponding Pad,s is only 2.58%
which is 34 times lower than Pad,c as the same P/C ratio. It is clear
that more PA particles adhere on cement than on sands. As sand is
an inert compound, it is reasonable and understandable since no
charged ions are released to the solution in the PA–sand mixture.
PA particles can only physically adhere on sands. Due to the ions
released during cement hydration process, the adsorption of PA
particles on cement will be remarkably enhanced owing to electri-
cal attractions and chemical reactions. This phenomenon indicates
that sands induce physical inﬂuence on the stability of PA particles,
and cement will chemically affect the stability of PA particles in0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3. Adsorption ratio of PA on cement or sand.polymer–cement admixture. And the adsorption experiment result
implies that, in a PA–cement–sand system, the chemical inﬂuence
of cement on the stability of PA particles exceeds the physical
inﬂuence of sand.
The adsorption of PA particles on cement may be caused by sev-
eral reasons. One of the reasons can be attributed to the electric
attraction and repulsion. In PA latex, PA particles are stabilized
by anionic surfactant, SDS. The main usefulness of SDS is that the
SDS anions bind the PA chain and impart negative charges to PA
particles. So the negatively charged PA particles will repeal each
other and disperse uniformly in PA latex. While in the pore solu-
tion of cement-based materials, the released Ca2+ ions will bond
to the sulfate radicals on SDS and form a nearly insoluble sulfate
salt [19]. As a result, after the mixing of PA latex and cement,
SDS will precipitate from the mixture and loss its stabilizing capac-
ity. The direct consequence caused by precipitation of SDS is the
decrease of negative charge density in PA particles. However, in
an alkaline circumstance such as the pore solution of fresh ce-
ment-based materials, the hydrolysis of the carboxyl groups in
PA chain will negatively charge PA particles. Even without the
charge effect of SDS, PA particles can keep on repelling each other.
But the negatively charged PA particles will be adsorbed by cement
hydrates with positive charges. During cement hydration, different
cement hydrates will form different surface structures and will
charge cement grains differently. As reported by Plank and Gretz,
silica hydrates exhibit negative surface charge and aluminate hy-
drates have positively charged surfaces that provide adsorption
sites for positively and negatively charged ions, molecules, and col-
loids [15]. Merlin et al. [20] also considered the attraction between
the positive mineral surface and the negative polymer surface as
the driving force for the adsorption. Once PA particles envelope
the positive cement hydrates entirely, the cement hydrates will in-
versely negatively charged. Then no more PA particles will be ab-
sorbed. So the absorption ratio, as shown in Fig. 3, drops rapidly
with the increase of P/C ratio. It can be summarized from Fig. 3 that
Pad,c is in negative exponential correlation to the P/C ratio. A similar
expression can also be employed to represent the relationship be-
tween Pad,s and P/S ratio. The details of the relationship can be ex-
pressed as:
p ¼ a expðbkÞ þ c ð3Þ
where p is the adsorption ratio of PA polymer on cement, Pad,c, or on
sand, Pad,s; k is corresponding P/C or P/S ratio respectively; a, b, c are
experiment constants.
Taking k as a variable, the derivative of p can be given as:
dp
dk
¼ bðp cÞ ð4Þ
It can be enlightened from Eq. (4) that, with the increase of P/C
or P/S ratio, the adsorption ratio of PA polymer is negatively related
to the adsorbed PA polymer. In other words, the more PA polymer
is added to the mixture, the more PA polymer will be left in the
pore solution.
4.2. Simulation of interactions between pore solution and PA latex
Based on the TOC analysis, a simulation of the calcium-rich cir-
cumstance was carried out to further clarify the physical and
chemical interactions between pore solution and PA latex. By shak-
ing the glass tube, cement and PA latex were stirred together to
simulate the mixing process. The stable state of the PA–cement
mixtures was shown in Fig. 4. It can be conclude from Fig. 4 that
the stable PA–cement mixture will separate into four layers. Taking
the PA–cement mixture with P/C ratio of 0.23 for example, the
layer at the top of the mixture is supernatant liquid. This layer
contains a small amount of free PA particles. The second layer is
Fig. 4. Stable state of PA–cement mixtures (from left to right, the P/C ratio
increases).
Fig. 5. Layered structure of PA–cement mixture.
Fig. 6. Stable state of PA–salt mixtures (from left to right, Ca(OH)2, CaCl2, NaOH and
NaCl are added respectively).
Y. Tian et al. / Construction and Building Materials 47 (2013) 1381–1394 1385a ﬂocculation layer. In comparison with the translucent superna-
tant liquid layer, there are more PA particles in the ﬂocculation
layer which provides it a milky appearance. Below that, it is a
coagulation layer which is rich in calcium ions than the former
tow layers. A PA–cement compound layer lies at the bottom of
the tube. Cement hydrates deposit in this layer, so it has a similar
appearance of cement-based materials.
Although the P/C ratio is different, all stable PA–cement mix-
tures exhibit the same layered structure. However the correspond-
ing height of each layer at different P/C ratio is not the same. The
height of supernatant liquid layer declines with the increase of
P/C ratio. On the contrary, a clear ascent can be recognized from
the height of ﬂocculation layer with the increase of P/C ratio. Rela-
tively, the coagulation layer is very thin, and relationship between
its height and P/C ratio cannot be visually identiﬁed. As the PA–ce-
ment compound layer corresponds to the cement hydrates deposit,
its height matches the addition of cement. A detailed demonstra-
tion on the layered structure of PA–cement mixtures can be seen
in Fig. 5.
The separation of PA–cement mixture indicates that there exist
chemical interactions between PA latex and pore solution which
will generate different reaction products with different densities.
The amount of the corresponding chemical products, as shown in
Fig. 4, depends on the P/C ratio. To further specify the chemical
reactions, an orthogonal comparison research was performed to
extract the ionic ions that will react with PA particles. The stable
states of PA-salt mixtures, including Ca(OH)2, CaCl2, NaOH and
NaCl, are shown in Fig. 6.
In the pore solution of cement-based materials, most of ionic
ions are Ca2+ and OH, and the amount of other ions such as
Mg2+, K+ and SO24 are not sufﬁcient enough to react with PA
particles or cause layering. As demonstrated in Fig. 6, the stable
PA–Ca(OH)2 mixture also separates into several layers such as
the PA–cement mixture. The layering structure of PA–Ca(OH)2
mixture includes a supernatant liquid layer, a ﬂocculation layer
and the PA–Ca(OH)2 compound. The appearance of the superna-
tant liquid layer or ﬂocculation layer is the same as the corre-
sponding layer of PA–cement mixture. As Ca(OH)2 is a salt with
very low solubility, there will be some amount of solid Ca(OH)2 left
at the bottom of the tube, forming a white PA–Ca(OH)2 compound.
The layered structure of PA–Ca(OH)2 mixture indicate that Ca2+,
OH , or both of them may react with PA particles. But no layering
can be observed from the PA–NaOH mixture which excludes thereaction between PA particles and OH. So it can be concluded
from the test that it is calcium ions in the pore solution of ce-
ment-based materials that will react with PA particles. This result
is further conﬁrmed by a comparison of PA–CaCl2 mixture to PA–
NaCl mixture. It is Ca2+, not Cl, that will cause layering of PA–
CaCl2 mixture.
The adsorption research proves that some PA particles will be
adsorbed on the surface of cement hydrates. And there will still
be a part of PA particles left in the pore solution of cement-based
materials. As shown in Fig. 6, this part of PA particles will react
with calcium ions. This conclusion is supported by Atahan’s re-
search that Ca2+ can replace –R1 group and chemically link the car-
boxylate group, –COO, on PA chain [19]. Atahan pointed out that
the reaction bond –COO–Ca–OOC– has a very low solubility in
water which is very similar to CaCO3. It should also be emphasized
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link calcium ions. Therefore, part of PA chains is hydrophilic and
part of PA chains is insoluble. The solubility of corresponding PA
particles depends on the ratio of hydrophilic groups to insoluble
calcium–carboxylate groups. As a result, the PA–cement mixture
will separate according to the solubility and density of the reaction
products. The chemical reaction between PA polymer and Ca2+ can
be expressed as in Fig. 7.
Fig. 7 indicates that two carboxylate groups can be linked by
one calcium ion. If two carboxylate groups come from one PA
chain, such as in Fig. 7(a), it can be named as a self-link of the poly-
mer chain or intra-chain linking. But if two carboxylate groups be-
long to two PA chains respectively, two PA chains should be
chemically bonded together which can be stated as a cross-link
or inter-chain linking [21,22]. As shown as in Fig. 7(b), it is obvious
that the more cross-links there are, the more strongly two PA
chains are bonded. It should also be pointed out that chemical
interactions could also happen between PA polymer chains and ce-
ment grains or cement hydrates [23–27]. Hence PA particles can
adhere ﬁrmly to cement grains or cement hydrates. As the concen-
tration of calcium ions is relatively higher around cement grains,
the cross-linking between PA chains would build a polymer net-
work around cement hydrates. The incorporation between PA
polymer chains and cement hydrates is demonstrated in Fig. 7(c).
As a result, the chemical bonding will enhance the attraction be-
tween PA particles and cement hydrates. This can be seen as an-
other driving force of adsorption. Therefore, the interaction
products between PA particles and pore solution have different
morphologies. To recognize the microstructure of the reaction
products, the supernatant liquid, ﬂocculation, coagulation, and
PA–cement compound were collected from the glass tube. All the(a) Self-link of polymer chain (
(c) Cross-link between PA polyme
Fig. 7. Reactions between Ca2samples were stored and dried in ambient conditions until the li-
quid phase evaporated. And the remained solid samples were im-
mersed in 0.1 M/L hydrochloric acid for 5 min to remove the
cement hydrates from the solid phase. Then the samples were
cleaned with deionized water. The SEM observations on the sam-
ples, before and after acid etching, are shown in Figs. 8–11. And
the corresponding average EDX analysis results are listed in
Table 3.
It can be summarized from Fig. 8 that, after dried in ambient
conditions, the remained solid phase of supernatant liquid has a
relatively smooth surface. And the acid treatment has no clear
inﬂuence on its physical appearance. The phenomenon implies
that there are no cement hydrates covering on the solid phase
of supernatant liquid, and the remained solid phase has a very
good acid resistance. The elemental composition analysis, as
shown in Table 3, indicates that the remained solid phase is
composed of carbon and oxygen, and its carbon content is as
high as about 67%. In accordance with SEM observation, the ele-
mental composition of the substance varies within 3% before and
after acid treatment which means that acid treatment cannot
corrupt the microstructure of the remained solid substance.
The physical appearance, the good acid resistance and, especially,
the high carbon content all imply that the remained solid sub-
stance of supernatant liquid is PA polymer. It can be deduced
from SEM and EDX analysis that there exist unreacted PA parti-
cles dispersing in the supernatant liquid layer of PA–cement
mixture. The supernatant liquid can be seen as diluted PA latex.
When dried in ambient conditions, with the evaporation of li-
quid phase, PA particles will ﬂocculate and ﬁnally form a piece
of polymer ﬁlm. This kind of pure PA polymer ﬁlm can be
named as P type polymer ﬁlm.b) Cross-link of PA polymer chains
r chain and cement hydrates 
+ and PA polymer chain.
(a) Before acid treatment (1000X) (b) After acid treatment (1000X) 
Fig. 8. Remained solid substance of supernatant liquid.
(a) Before acid treatment (1000X) (b) After acid treatment (1000X) 
Fig. 9. Remained solid substance of ﬂocculation.
(a) Before acid treatment (1000X) (b) After acid treatment (1000X) 
Fig. 10. Remained solid substance of coagulation.
(a) Before acid treatment (1000X) (b) After acid treatment (1000X) 
Fig. 11. Remained solid substance of PA–cement compound.
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Table 3
EDX analysis of solid substance of supernatant liquid, ﬂocculation, coagulation and compound (Atomic%).
Elements Supernatant liquid Flocculation Coagulation Compound
Before etching After etching Before etching After etching Before etching After etching Before etching After etching
C 65.2 67.45 66.90 63.75 0 62.66 0 19.78
O 34.7 32.55 31.66 34.64 76.92 33.45 77.21 55.98
Ca 0 0 1.44 1.61 12.37 0.97 12.86 14.72
Si 0 0 0 0 9.05 2.91 9.28 9.52
Others 0 0 0 0 1.66 0 0.65 0
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has a similar appearance to PA ﬁlm. It can be proved by SEM and
EDX analysis that it has a good acid resistance too. As indicated
by Table 3, the difference between the remained solid substance
of ﬂocculation and PA ﬁlm lies on the elemental composition. Be-
sides carbon and oxygen, the remained solid substance of ﬂoccula-
tion contains about 1.5% calcium. As no cement hydrates can be
recognized before and after acid etching, it can be concluded from
EDX analysis that ﬂocculation is the reaction products between PA
particles and calcium ions in the pore solution. The insoluble cal-
cium–carboxylate groups will extract the reacted PA particles from
PA latex, and ﬁnally form ﬂocculation layer. The cross-links be-
tween every two PA particles can ﬁnally form a space network
and ﬁrmly bond the reacted PA particles into a big polymer group.
When dried in ambient conditions, reacted PA particles will form a
PA ﬁlm with the calcium–carboxylate groups. In other words, cal-
cium is enveloped in PA ﬁlms. This kind of impure PA ﬁlm can be
stated as I type polymer ﬁlm.
As demonstrated by Fig. 10(a), before acid treatment, consider-
able amount of needle-like cement hydrates can be recognized
from the remained solid substance of coagulation. This phenome-
non is supported by the EDX analysis. The remained solid sub-
stance of coagulation is mainly composed of oxygen, calcium,
silicon, and no carbon can be detected. It seems that the solid
phase of coagulation is covered by cement hydrates. After acid
etching, cement hydrates are removed. As shown in Fig. 10(b),
the remains have a similar appearance to polymer network. EDX
analysis indicates that the remains have a high carbon tent which
is very close to PA polymer. In comparison with the remained solid
substance of ﬂocculation after acid treatment, the remains of coag-
ulation have one more element, silicon. But silicon takes only 2.91%
of the elemental composition of the remains. It can be deduced
that the remains of coagulation are composed of mainly PA poly-
mer ﬁlm and a small amount of cement hydrates. This phenome-
non can be explained as, in PA-cement mixture, amount of
cement hydrates will suspend in the pore solution. PA particles will
be adsorbed on the cement hydrates by electrical attraction or
chemical bonding. Relatively, the adsorbed PA particles will con-
centrate on the surface of cement hydrates and ﬁnally ﬂocculate
into polymer ﬁlm or network which will enfold the cement hy-
drates. With the progress of cement hydration, more and more ce-
ment hydration products will deposit from the mixture and bury
the PA ﬁlm or network inside, ﬁnally forming PA–cement com-
pound. In this PA–cement compound, cement hydrates is physi-
cally packed by PA polymer ﬁlm or network which can be named
as P type polymer–cement compound.
In the PA–cement mixture, cement hydrates will also grow on
cement particles. Due to electrical attraction or chemical bonding,
PA particles will be adsorbed on the surface of cement particles.
Like the coagulation of PA–cement mixture, cement particles and
the adsorbed PA particles will deposit from the mixture and form
PA–cement compound layer. As demonstrated by Fig. 11(a), nee-
dle-like cement hydrates can be recognized from the remained so-
lid substance of PA–cement compound before acid etching. Thisphenomenon is supported by Table 3 that no carbon content can
be detected from the compound. While after acid etching, carbon
emerges from cement hydrates in the remains. However, the car-
bon content of the remains is relatively very low, and considerable
silicon and calcium exist in the remains. Furthermore, as shown in
Fig. 11(b), there are needle-like cement hydrates in the remains. All
the SEM and EDX analysis imply that acid treatment can not totally
remove the cement hydrates from the remained solid substance of
PA–cement compound. What is different from the remains of coag-
ulation is that PA polymers are more like to disperse or penetrate
in cement hydrates than form a complete PA polymer network.
PA polymer in this kind of PA–cement compound cannot physically
hold the cement hydrates together. PA polymer will chemically
embed in cement hydrates forming a PA–cement compound. This
kind of PA–cement compound can be stated as C type PA–cement
compound.
Based on the above analysis, it can be concluded that the layer-
ing of PA–cement mixture depends on the P/C ratio. If a small
amount of PA particles is added to cement–water system, these
PA particles will soon be captured by cement hydrates and adhere
on cement particles. In this case, only a few PA particles will react
with the released calcium ions in the pore solution and there will
be little PA particles left in the supernatant liquid. As a result,
mainly P type and C type PA–cement compounds should exist in
the hardened mixture, together with tiny amount of I type and P
type polymer ﬁlms. While in a PA–cement mixture with a high
P/C ratio, after enveloping cement hydrates, there will still be con-
siderable amount PA particles in pore solution. These PA particles
will ﬁnally form PA polymer ﬁlms. So in a PA–cement system with
a high P/C ratio, there will be P type and C type PA–cement com-
pounds, as well as a certain amount of P type and I type PA ﬁlms.
It can be deduced that PA polymer is chemically or physically
bonded to cement hydrates in PA–cement compound. However,
as shown in Figs. 8 and 9, both P type and I type PA ﬁlms cannot
ﬁrmly bonded to cement hydrates. Theoretically, they only exist
in the pore solution of cement mixture. Therefore, if more PA par-
ticles are added to PA–cement mixture, more PA ﬁlms will be
formed in the pores of the mixture. Although this part of PA poly-
mer will reﬁne the pore structure of hardened cement mixture,
they can’t effectively improve the integrity of PA modiﬁed ce-
ment-based materials as P type and C type PA–cement compounds.
It can be concluded that there exist an optimum P/C ratio to
achieve the best service performance of PA modiﬁed cement-based
materials.
4.3. Mechanical performance of PA modiﬁed and unmodiﬁed mortars
The compressive strengths of PA modiﬁed mortars are listed in
Table 4. It can be seen from Table 4 that, before 1d, the compres-
sive strengths of unmodiﬁed mortars are all higher than those of
PA modiﬁed mortars. And the compressive strength of PA modiﬁed
mortars will decrease with the increase of P/C ratio. At 12 h, the
compressive strength of MA05 is only 20.2% of MA00. It proves that
PA polymer modiﬁcation will slow down the early age
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Fig. 13a. Pore structure of MA00.
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Table 4
Compressive strengths of PA modiﬁed mortars/MPa.
Mix. Age
12 h 18 h 1d 3d 7d 28d
MA00 5.16 9.63 12.75 27.83 37.31 41.96
MA05 1.04 6.10 11.86 28.95 40.21 47.69
MA10 0.59 4.42 11.71 28.01 35.20 38.49
Y. Tian et al. / Construction and Building Materials 47 (2013) 1381–1394 1389development of compressive strength. This phenomenon can be
explained as the covalent bonds generated between calcium ions
in cement hydrates and PA particles will retard cement hydration
process [28]. Once the cement particles or cement hydrates are
enveloped by PA particles during mixing, the ions transfer will be
blocked. While on the other hand, the compressive strength pro-
gress of PA modiﬁed mortars is much higher than that of unmod-
iﬁed mortar. From 12 h to 1 d, the compressive strength growth of
MA10 exceeds 11 MPa. And during the same time, the compressive
strength of MA00 merely increases for 7.59 MPa. After 1 d, the
compressive strengths of MA05 surpass those of MA00 which
means that appropriate PA addition will improve the compressive
strength of cement mortars. This phenomenon is supported by the
fact that PA addition will reﬁne the pore structure of cement
mortars. In accordance with the simulation test, it can also be
concluded from Table 4 that a simple increase of PA usage will
not achieve higher compress strength. Except the compressive
strength of MA10 at 3 d, the compressive strengths of MA10 at dif-
ferent ages are all less than those of MA00. This phenomenon
matches the simulation research as that there exists an optimum
PA addition to achieve the highest compressive strength of mor-
tars. And based on the experiment results, in this research, the
optimum PA addition is 5%.
A similar pattern can be found from the development of fracture
energy, GF, of PA modiﬁed mortars, as shown in Fig. 12. From 3 d to
28 d, GF values of MA05 are all higher than those of MA00 which
means that MA05 has better fracture properties than MA00. But
a higher PA addition cannot gain a higher GF too, which can be de-
duced from the comparison between the fracture energy of MA05
and MA10. It should be noticed that GF of MA00 does not rise nota-
bly from 3 d to 28 d while a remarkable increase of the GF of MA05
and MA10 can be recognized from Fig. 12. And with the increase of
P/C ratio, the rate of GF growth is getting higher. Although GF values
of MA10 at 3 d and 7 d are lower than those of MA00, fracture en-
ergy of MA10 ﬁnally exceeds MA00 at 28 d.0 7 14 21 28
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Fig. 12. Fracture energy of PA modiﬁed mortars.
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Fig. 13c. Pore structure of MA10.4.4. Pore structure and porosity of PA modiﬁed mortars
The incremental pore volume of PA modiﬁed and unmodiﬁed
mortars are plotted against diameter in logarithmic scale in
Fig. 13. The partial porosities of PA modiﬁed and unmodiﬁed mor-
tars at different age are shown in Table 5 based on the pore size
classiﬁcation obtained by Aligizaki [29].
Table 5
Partial porosities of PA modiﬁed and unmodiﬁed cement mortars/%.
Mortars Pore size Age
12 h 18 h 1d 3d 7d 28d
MA00 >50 nm 24.56 22.41 21.00 16.30 14.49 14.19
10–50 nm 2.90 3.62 2.15 3.98 3.10 2.41
2.5–10 nm 0.21 0.37 0.30 0.74 0.68 0.27
MA05 >50 nm 26.27 23.07 22.19 16.30 13.84 11.43
10–50 nm 3.12 3.34 3.40 4.94 4.24 5.35
2.5–10 nm 0.13 0.17 0.19 0.46 0.50 0.64
MA10 >50 nm 26.94 24.93 20.15 15.03 13.89 13.58
10–50 nm 3.13 3.45 3.82 4.96 5.58 5.01
2.5–10 nm 0.12 0.15 0.19 0.51 0.54 0.41
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Fig. 14. Relationship between compressive strength and partial porosities.
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one major peak locating from 0.2 lm to 1.2 lm at all ages.
Although the apparent diameter doesnot change very much, the
major peak value of incremental pore volume drops sharply during
1 d due to the rapid progress of cement hydration at early age.
While after 3 d, the peak value varies in a small range. So the ce-
ment hydration process is gradually slowing down from 3 d to
28 d. As shown in Fig. 13a, from 12 h to 28 d, the outline of pore
structure slightly shifts from right to left. This phenomenon indi-
cates that, with the development of cement hydration, the pores
in cement mortar is ﬁlling with cement hydrates and getting smal-
ler and smaller. In comparison with MA00, as shown in Fig. 13b,
the pore structure of MA05 has two peaks at different ages. The
major peak corresponds to a higher incremental pore volume va-
lue, ranging at the diameter from 0.01 lm to 0.8 lm. The other
peak locates from 10 lm to 110 lm. A similar pore structure distri-
bution can also be seen in Fig. 13c. So the pore structure of PA mod-
iﬁed mortars can be outlined as a saddle-like or double peaked
curve. It seems that PA polymer will inﬂuence pore structure of ce-
ment mortar in two ways. On one side, PA polymer addition will
reﬁne the pores in cement mortars due to the ﬁlling effect of poly-
mer. On the other side, PA latex should introduce additional big
pores to cement mortars. This can be explained as the chemical
reactions between PA particles and cement hydrates deceases the
ﬂowability of fresh mortar. During mixing, high viscosity can cause
high air entraining in mortars. This phenomenon is supported by
the research of Pourchez et al. [30]. In Figs. 13b and 13c, from
12 h to 3 d, the apparent diameter of the major peak noticeably de-
creases from 0.2 lm to 0.05 lm. Just like MA00, the peak value and
apparent diameter of the major peak doesn’t change too much
from the third day. In combination with the simulation test, a con-
clusion can be drawn from Fig. 13 that a part PA polymer will be
trapped in the pores of cement mortars in terms of ﬂocculation
and free polymer particles. With the development of cement
hydration, the liquid phase in pores will be consumed. PA polymer
will form a small piece of polymer group or ﬁlms in the pores. The
forming process of this compound is signiﬁcantly inﬂuenced by ce-
ment hydration. As a result, the major peak of PA modiﬁed mortars
moves clearly at the early ages.
As shown in Table 5, generally speaking, the porosity of small
capillary pores (2.5–10 nm) increases with curing age for both PA
modiﬁed and unmodiﬁed mortars. For MA00, the porosity of med-
ium capillary pores with the diameter ranging from 10 nm to
50 nm varies with the increase of curing age. It seems that the
porosity of medium capillary pores will not change too much dur-
ing cement hydration. While for PA modiﬁed cement mortars,
MA05 and MA10, a generally gradual growth on porosity of med-
ium capillary pores can be recognized. This phenomenon implies
that the pore structure is reﬁned by PA polymer. It can also be seen
in Table 5 that the porosities of macropores (>50 nm) of PA modi-
ﬁed mortars in 1 d are higher than those of unmodiﬁed mortars.But after 1 d, MA05 and MA10 contain less macropores than
MA00. This phenomenon agrees with the analysis in Fig. 12. On
one side, extra pores are introduced into cement mortars by the
addition of PA polymer. On the other side, the pore structure is re-
ﬁned by PA polymer. With the increase of P/C ratio, the porosity of
medium capillary pores rises. Hence, more and more macropores
are reﬁned as medium capillary pores with the increase of curing
ages in PA modiﬁed mortars.
Aligizaki [29] pointed out that the strength of cement materials
is related to the pores with the diameter above 10 nm. The rela-
tionship between the partial porosities (>10 nm) of both PA modi-
ﬁed and unmodiﬁed mortars and compressive strength is
demonstrated in Fig. 14. As shown in Fig. 14, the compressive
strengths of both PA modiﬁed and unmodiﬁed mortars are linearly
related with the partial porosities. Theoretically, the chemical
bonding between PA polymer and cement hydrates will enhance
the integrity of cement mortars. Meanwhile, PA modiﬁcation on
the pore structure will inﬂuence the strength as well. It can be con-
cluded from Fig. 14 that the strength is generally determined by
the partial porosity of PA modiﬁed mortars.
It should also be emphasized that the fracture energy of MA05
exceeds those of MA00 from 3 d to 28 d although MA05 has a high-
er partial porosity (>50 nm) from 3 d to 28 d. And the analysis indi-
cates that, in this research, the porosity will not inﬂuence the
fracture energy of cement mortar as much as it inﬂuences the com-
pressive strength. So for MA05, the positive enhancement of chem-
ical bonds between PA polymer and cement hydrates can exceed
the negative inﬂuence of air entraining effect on fracture energy.
But once the P/C ratio gets to 0.1, the adverse phenomenon
happens.
It can summarized from the compressive and fracture tests that
mortars modiﬁed with 5% PA by weight of cement seem to have a
better mechanical performance after 1 d. Adding more PA latex in
cement mortars may cause ﬂocculation of PA particles and increase
the concentration of free PA particles in the pore solution. This part
of PA particles will not effectively enhance the mechanical proper-
ties of cement mortars. At the same time, the increase of viscosity
will induce extra air entraining to PA modiﬁed mortars. As a result,
a higher PA addition can’t simply achieve a higher mechanical
performance.4.5. FTIR analysis on PA modiﬁed paste
The possible chemical reactions are further investigated by the
FTIR research. To specify the chemical bonds between PA polymer
and cement hydrates, the spectra analysis on PA ﬁlm, cement paste
PA00 and PA modiﬁed cement pastes was carried out.
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match the characteristic spectra of PA ﬁlm which can’t be observed
in PA00. This can be attributed to the addition of PA polymer into
cement pastes. The weak absorbance at the frequency of
2950 cm1 corresponds to C–H asymmetric stretching of the
methyl group. The stretching around 1740 cm1 can be assigned
to the carbonyl group and the wide stretching bands ranging from
1300 cm1 to 1030 cm1 is the characteristics of ester group [31]. It
is reasonable and understandable that a clear growth on these
bands can be recognized with the increase of P/C ratio. Similarly,
the inﬂuence of PA polymer on cement hydration can also be iden-
tiﬁed from some bands on PA00 and PA modiﬁed cement. For
example, the absorption peak at 3640 cm1 corresponding to free
–OH from calcium hydroxide has a slight decrease which indicates
that Ca(OH)2 is consumed due to the reactions between PA poly-(a) MA00 (1000X)
(c) MA10 (1000X)
Fig. 16. PA modiﬁed and unmodiﬁmer and calcium ions. In addition, the bands at 3570–3200 cm1
and 1643 cm1 derived from the crystal water in cement hydrates
exhibits a slight decrease with the increase of P/C ratio, implying a
reduction in water absorption by the cement pastes. Furthermore,
it is apparent that the absorption peaks at 1442 cm1 and
877 cm1 corresponding to carbonates which are mostly associ-
ated with the carbonation show a gradual decrease with the in-
crease in PA polymer content. In comparison with PA00, the
reduction of carbonates in PA polymer modiﬁed cement pastes
indicates an improvement in carbonation resistance. These phe-
nomena are all consistent with the conclusions obtained by Yang
et al. [27]. The stretching vibration at 977 cm1 attribute to CSH
exhibits a slight increase with the increase of PA polymer addition
which means that PA polymer has inﬂuence on the cement hydra-
tion process. While there is a band locating near 550 cm1 which
only exits in PA modiﬁed cement paste but cannot be seen on
the spectra of both PA ﬁlm and PA00. According to Bonapasta’s re-
search, theoretically, this band is associated to Ca–O bond in the
inter-chain and intra-chain linking coming from the interaction
of calcium ions with poly acrylic acid chains. So this band repre-
sents the reaction products between PA polymer and Ca(OH)2. A
further proof on the chemical reactions between PA polymer and
cement hydrates can be identiﬁed from the slight increase of band
at 1550 cm1. As reported by Kimura et al. [32] and Gao et al. [33],
this band is attributed to –COOCa group which is believed to be
the reaction product between polymer and Ca(OH)2.
4.6. SEM and EDX analysis of PA modiﬁed mortars
To identify the morphologies of PA polymer in mortars, SEM
and EDX analysis were carried out on hardened PA modiﬁed and
unmodiﬁed mortars after hydrochloric acid treatment. The SEM
and EDX analysis are shown in Fig. 16 and Table 6. As demon-
strated in Fig. 16(a), after acid etching, considerable cracks and
voids can be recognized from the unmodiﬁed mortar due to the
solution of cement hydration products. The residual cement(b) MA05 (1000X)
(d) MA20 (1000X)
ed mortars after acid etching.
Table 6
EDX analysis of PA modiﬁed mortars after acid etching (Atomic%).
Elements MA00 MA05 MA10 MA20
C 0 32.41 46.20 58.87
O 57.79 44.45 32.51 28.62
Ca 18.60 2.22 15.40 6.21
Si 9.71 13.28 2.90 4.03
Others 13.90 7.64 2.98 2.27
1392 Y. Tian et al. / Construction and Building Materials 47 (2013) 1381–1394hydrates in MA00 is loosely packed. It is clear that acid invasion
will totally corrupt the microstructure of unmodiﬁed cement mor-
tar and break cement hydrates into small pieces. While, generally,
as shown in Fig. 16(b), the acid corrosion is blocked by a ﬂat ﬁlm in
MA05. EDX analysis on that ﬂat ﬁlm, as indicated in Table 6, shows
that it is composed of carbon, oxygen, calcium, silicon and other
elements. Relatively, it has very high carbon content. Accordingly,
it can be deduced that this ﬁlm is a C type PA–cement compound.
Polymer content provides the compound a good acid resistance.
Although the acid corrosion can tear the compound ﬁlm into
pieces, but in a great extent, the compound ﬁlm protects the ce-
ment hydrates against further solution. As a result, the deep voids
almost disappear in MA05 after acid etching. This phenomenon is
further proved by MA10 and MA20. In Fig. 16(c) and (d), cement
hydrates are covered by an incomplete compound ﬁlm. The incom-
plete ﬁlm, in this research, means that this compound ﬁlm only ap-
pear in a small area within the etched mortar. In other words, the
compound ﬁlm cannot form a complete space ﬁlm or network pe-
netrating throughout the whole cement mortar. The cracks in the
compound ﬁlm of MA20 caused by acid etching are denser but ﬁ-
ner than those of MA10. So in accordance with PA polymer addi-
tion, the compound ﬁlm in MA20 has a higher toughness. The
EDX analysis also indicates that the carbon content of the com-
pound ﬁlm increases with the increase of P/C ratio.
It should also be emphasized that no or very little (no more than
3%) carbon content can be detected in all the mortars before acid
etching. It seems that the PA–cement compounds are buried by ce-
ment hydrates. Due to the adsorption of PA particles, the modiﬁca-
tion of PA polymer on cement mortars is limited at some local
places. Even if more PA polymer is added to cement mortars, as im-
plied by Fig. 16, no complete polymer ﬁlm or network can form. In
fact, as indicated by Table 6, PA polymer will concentrate in these
local places. It can only enhance the polymer modiﬁcation within
these local areas. This phenomenon can be stated as the localiza-
tion of polymer modiﬁcation.
The main reason that causes the localization of polymer modi-
ﬁcation can be attributed to the reactions between cement hy-
drates and polymer latex, including polymer particles and other
additives in the latex. In this research, both the anionic surfactant
and polymer particles in PA latex will react with calcium ions. The
reactions will cause the absorption of PA particles on cement hy-
drates. So PA polymer will concentrate at some local places right
after mixing. In some way, the localization of modiﬁcation is deter-
mined from the beginning. As shown in the adsorption analysis
and simulation tests, when PA polymer is added to the mixture,
part of PA polymer will adhere on cement hydrates. This part of
PA polymer can enfold cement hydrates, but at the same time, with
the progress of cement hydration, cement hydrates will break
through the envelopment of PA particles and surround the PA poly-
mer inside. Therefore, this part of PA polymer and cement hydrates
will interpenetrate each other forming closely packed PA–cement
compound through chemical and physical bonding. While rela-
tively, a part of PA polymer should be left in pore solution in terms
of ﬂocculation and free PA particles. Due to cement hydration, this
part of PA polymer will form a relative pure polymer ﬁlm or net-
work embedded in cement hydrates. The space polymer ﬁlm ornetwork can physically grab cement hydrates and ﬁll pores in ce-
ment mortar. In general, due the reactions between PA polymer
and cement hydration products, PA polymer will distribute sepa-
rately in mortars. Although PA polymer cannot form a complete
polymer network in cement mortars, but the dispersed PA polymer
can physically and chemically enhance the connection between PA
polymers and cement hydrates as strengthening nodes. As a result,
despite PA polymer is localized within some local places, but in
general, PA polymer will still inﬂuence the macroscopic properties
of cement mortars.5. The mechanism of PA polymer modiﬁcation in cement
mortar
In this research, an improved model is proposed based on the
investigation of Beeldens et al. [11] and Ohama [34]. Taking the
reactions between PA polymer and cement hydrates into consider-
ation, the ﬂocculation and coagulation of PA polymer in fresh ce-
ment mortar is integrated in this model as precursor of ﬁlm
formation. And the corresponding reaction products between PA
polymer and cement hydrates are represented and classiﬁed based
on their morphologies in fresh mortars. In the model, PA polymer
modiﬁcation in mortars can be divided into 4 steps, which is rep-
resented in Fig. 17.
At the ﬁrst step, polymer particles, cement, water, and sand are
mixed together. This step is deﬁned as the initial situation which
means no chemical and physical reactions happen at this stage.
After mixing, as shown in Fig. 17(a), polymer particles, cement par-
ticles and sands are all uniformly distributed in the mixture.
Then, at the second step, Fig. 17(b), cement hydration process is
induced by the contact of cement and water. Soon calcium ions and
cement hydrates are released into the pore solution, and cement
particles will be electrically charged. Part of polymer particles will
stick to cement particles or hydrates due to chemical bonding and
electrical attraction, and part of polymer particles be linked by cal-
cium ions forming polymer ﬂocculation. A small part of polymer
particles will be adsorbed on sands due to physical adherence. If
the P/C ratio of the cement mortar is high enough, there will still
be a part of self-linked polymer particles and free PA particles in
the pore solution. In fact, in the calcium-rich pore solution, these
self-linked particles can be easily captured by cement hydrate,
cross-linked polymer ﬂocculation or sands. So the number of these
self-linked polymer particles will gradually decrease. As indicated
by Fig. 17(b), polymer particles will concentrate on the surface of
cement particles, in the cross-linked groups, and on sands. This
provides a demonstration on the localization of polymer
modiﬁcation.
The following step is represented in Fig. 17(c). Although the
packed polymer particles on the surface of cement particles will
signiﬁcantly retard cement hydration process. But ﬁnally, the ce-
ment hydrates will break through the envelope and tear up the
surround polymer envelop into pieces. With the progress of ce-
ment hydration, the water phase in pore solution will be con-
sumed. At the same time, some cement hydration products will
grow or embed in the polymer ﬂocculation. The closely packed
polymer particles should partially coalesce into polymer ﬁlm or
network.
At the ﬁnal step, as demonstrated in Fig. 17(d), cement hydra-
tion process is slowing down and the microstructure of polymer
modiﬁed mortars stops to develop. As liquid phase is further con-
sumed, the closely packed polymer particles completely coalesce
into polymer ﬁlms or networks. While polymer will exist in
cement hydrates in different morphologies. Part of polymer will
combine with cement hydrates forming polymer–cement
compound with chemical bonds. This kind of polymer–cement
Aggregates
Unhydrated cement particles
Polymer particles
Water
(a) Step 1: Initial distribution of polymer particles in the mixture 
Aggregates
Unhydrated cement particles
Polymer particles and flocculation
Water
Cement hydrates
(b) Step 2: Adsorption and flocculation of polymer particles in the mixture 
Aggregates
Unhydrated cement particles
Polymer particles and flocculation
Water
P type and I type Polymer films
Cement hydrates
(C) Step 3: Progress of cement hydration and initial formation of polymer films 
Aggregates
Unhydrated cement particles
C type polymer-cement compound
Pores
P type and I type Polymer films 
Cement hydrates
P type polymer-cement compound
(d) Step 4: final microstructure formation of polymer modified mortar 
Fig. 17. Modeling of PA polymer modiﬁcation in cement-based materials.
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ture matches the solid substance of PA–cement compound after
acid treatment, as shown in Fig. 11. The ﬂocculation in pore solu-
tion will form a relatively pure polymer ﬁlm or network consisting
of a small amount of calcium ions or cement hydrates. The polymer
networks or ﬁlms and cement hydrates may physically interweave
each other to form another kind of polymer–cement compound.This kind of compound can be named as P type compound in accor-
dance with the solid substance of coagulation after acid treatment,
as shown in Fig. 10. As indicated by MIP analysis, part of polymer
ﬁlms, including P type and I type polymer ﬁlms, will ﬁll in the
pores in cement mortars and reﬁne its pore structure. There may
be some single polymer particles or small piece of polymer ﬁlms
embedded in cement hydrates. The polymer ﬁlms in Figs. 8 and 9
1394 Y. Tian et al. / Construction and Building Materials 47 (2013) 1381–1394are believed to be these kinds of polymer ﬁlms in polymer modi-
ﬁed cement mortars. Due to the localization of polymer modiﬁca-
tion, the randomly dispersed polymer in cement mortars can’t
form a complete space network to enhance the integrity of poly-
mer–cement system. But the dispersed polymer works as strength-
en nodes distributed in cement mortars. As a whole, the polymer
can still signiﬁcantly inﬂuence the properties of mortars.
6. Conclusions
In this research, the microstructure forming process of PA mod-
iﬁed mortar was investigated, as well as the inﬂuence of cement
hydrates on PA polymer ﬁlm formation from mixing to hardening.
Following conclusions can be drawn from this research:
(1) An improved 4-step model was established to descript the
forming process of the microstructure of polymer modiﬁed
cement mortar. Taking the chemical reactions between
cement hydrates and polymer latex into consideration, the
corresponding inﬂuence of polymer latex on cement mortars
was represented in this model.
(2) PA polymer particles will react with the calcium ions in pore
solution and cement hydrates of cement mortars. Due to the
chemical reactions, PA polymer will be adsorbed on cement
particles and hydrates. As a result, PA polymer will not uni-
formly disperse in the fresh PA–cement mixture.
(3) Due to the adsorption, PA polymer will concentrate within
some local places in cement mortars. As a result, PA polymer
will inﬂuence the properties of cement mortar within some
local places. This phenomenon can be named as the localiza-
tion of polymer modiﬁcation.
(4) In cement mortar, PA polymer shows different morpholo-
gies. PA polymer adsorbed on cement particles will chemi-
cally combine with cement hydrates forming C type
polymer–cement compound. PA polymer particles will be
linked by calcium ions and form impure I polymer ﬁlms or
networks. And unreacted PA polymer particles will coalesce
into pure Polymer ﬁlms which can be named as P type poly-
mer ﬁlms. Polymer ﬁlms, or networks, and cement hydrates
will physically interpenetrate each other forming P type
polymer–cement compound.
(5) PA polymer addition will reﬁne the pore structure of cement
mortars. But at the same time, PA polymer will introduce big
pores to cement mortars. Generally, PA polymer will
increase the porosity of cement mortars.
(6) PA polymer will retard cement hydration at the early age. So
the early age mechanical properties of PA modiﬁed mortars
are all lower than those of unmodiﬁed mortars. But the
mechanical performance of PA modiﬁed mortar progresses
rapidly. There exists an optimum polymer addition dosage
for achieving the best mechanical properties of PA modiﬁed
mortars. In this research, the optimum P/C ratio is 0.05.
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